Incretins, endogenous polypeptide hormones released in response to food intake, potentiate insulin secretion from pancreatic ␤ cells after oral glucose ingestion (the incretin effect). This response is signaled by the two peptide hormones glucose-dependent insulinotropic polypeptide (GIP) (also known as gastric inhibitory polypeptide) and glucagon-like peptide 1 through binding and activation of their cognate class 2 G protein-coupled receptors (GPCRs). Because the incretin effect is lost or significantly reduced in patients with type 2 diabetes mellitus, glucagon-like peptide 1 and GIP have attracted considerable attention for their potential in antidiabetic therapy. A paucity of structural information precludes a detailed understanding of the processes of hormone binding and receptor activation, hampering efforts to develop novel pharmaceuticals. Here we report the crystal structure of the complex of human GIP receptor extracellular domain (ECD) with its agonist, the incretin GIP 1-42. The hormone binds in an ␣-helical conformation in a surface groove of the ECD largely through hydrophobic interactions. The N-terminal ligand residues would remain free to interact with other parts of the receptor. Thermodynamic data suggest that binding is concomitant with structural organization of the hormone, resulting in a complex mode of receptor-ligand recognition. The presentation of a well structured, ␣-helical ligand by the ECD is expected to be conserved among other hormone receptors of this class.
I
ncretins, intestinal peptide hormones released in response to food intake, potentiate insulin secretion from pancreatic ␤ cells after oral glucose ingestion. This so-called incretin effect is strictly glucose-dependent and an essential factor in maintaining glucose homeostasis. In humans, this response is signaled by the two peptide hormones the 42-residue glucose-dependent insulinotropic polypeptide (GIP) (also known as gastric inhibitory polypeptide) and glucagon-like peptide (GLP)-1 (31 aa). Each hormone binds to a specific cognate class 2 G protein-coupled receptor (GPCR) to mediate signal transduction by activation of adenylate cyclase via a stimulatory G protein, leading to enhanced exocytosis of insulin-containing granules, ␤ cell proliferation, and inhibition of apoptosis (1, 2) .
The incretin effect is lost or significantly reduced in patients with type 2 diabetes mellitus, with severe consequences for glucose homeostasis (3) . In addition to the insulinotropic activity of GIP, a number of concomitant extrapancreatic effects have been described, e.g., stimulation of glucose uptake in muscle (4) , osteotropic activity (5) , and regulation of lipid metabolism in adipocytes (6) , thereby providing a link between GIP signaling and obesity (7) .
GLP-1 and GIP have attracted considerable attention in light of their potential use in the treatment of type 2 diabetes (8) . The rapid degradation (circulating half-life of 2-5 min) of incretin hormones in vivo by the enzyme dipeptidyl-peptidase IV (DP4) (9, 10) , a significant obstacle in their therapeutic administration, has been addressed by applying natural or synthetic DP4 resistant analogues of GLP-1 (11) and GIP (12, 13) instead of the native peptides. The inhibition of DP4 represents a promising approach to prolong the half-life of circulating incretin hormones (14) . Nevertheless, reliance on peptide analogues restricts possibilities for generating completely synthetic agonist and antagonist molecules that could prevent potential side-effects of the enzyme inhibitors.
The GIP receptor (GIPR) belongs to the glucagon receptor subfamily of class 2 GPCRs, a class that also includes the receptors for GLP-1, glucagon, parathyroid hormone, calcitonin, corticotropin-releasing factor (CRF), and other therapeutically important peptide hormones (15) . As with other GPCRs of this class, the GIPR comprises an N-terminal extracellular domain (ECD), a central domain consisting of seven transmembrane ␣-helices, and a C-terminal, cytoplasmic domain that mediates intracellular signal transduction by physical association with the G protein (16) (17) (18) . The current understanding of ligand recognition and receptor activation mechanisms of class 2 GPCRs is largely restricted to in vitro analysis of ligand binding and cAMP stimulation by using ligand and receptor variants, chimeric constructs, and isolated receptor fragments. These studies have suggested a two-step mechanism for class 2 GPCR activation: (i) the C-terminal region of the peptide ligand binds the N-terminal ECD of the receptor, after which (ii) the N-terminal portion of the ligand interacts with the central transmembrane domain, causing a conformational rearrangement that activates the receptor [reviewed elsewhere (19) ]. A paucity of structural information, however, precludes a detailed understanding of these fundamental physiological processes, hampering efforts to develop pharmaceuticals for this therapeutically important class of molecules.
A number of structural studies have been carried out on isolated peptide ligands of class 2 GPCRs, including GIP (20, 21) . All such hormones studied so far display a propensity to form ␣-helices, although the degree of helicity depends on the experimental conditions. The only known structure of a fulllength GPCR is that of bovine rhodopsin, a class 1 GPCR (22) . Rhodopsin is activated by light-induced isomerization of the Author contributions: C.P. and M.K. contributed equally to this work; J.-U.R., H.-U.D., and M.T.S. designed research; C.P., M.K., J.F., and J.-U.R. performed research; R.R., S.M., D.S., and J.-U.R. contributed new reagents/analytic tools; C.P., M.K., P.N., J.F., and M.T.S. analyzed data; and C.P. and M.T.S. wrote the paper.
covalently bound photosensor retinal, so that inferences from this structure are of limited value for ligand-activated GPCRs. Insights into ligand recognition of class 3 GPCRs have been obtained through x-ray studies on the ECDs of the metabotropic glutamate receptor (23) . The structures of the isolated ECDs from class 2 GPCRs murine CRF receptor (CRFR)-2␤ (24) and Methuselah from Drosophila (25) reveal strongly diverging folds. Very recently, the solution structure of an N-terminally truncated form of the CRFR-2␤ ECD has been described in the presence of the peptide antagonist astressin (26) .
Here we report the crystal structure of the complex of human GIPR ECD (residues 24-138) with its agonist, the incretin hormone GIP [nomenclature: residues of the ECD are numbered according to the full-length sequence of the GIPR; residue numbers of the hormone are given a prime (Ј) suffix]. Accompanying thermodynamic measurements reveal determinants for ligand recognition and underlying mechanistic principles of complex formation.
Results
Overall Structure of the Ligand-Bound ECD. The crystal structure of the ECD of the human GIPR in complex with the ligand GIP 1-42 , (Fig. 1 ) reveals an N-terminal ␣-helix (spanning residues Ala-32 to Ala-52) that packs against a core with a sandwich-like arrangement of two antiparallel ␤-sheets, each comprising two short ␤ strands (␤1a: Ser-64-Phe-65; ␤1b: Cys-70-Trp-71; ␤2a: Ala-78-Ser-83; ␤2b: Phe-98-Cys-103), as well as two short helical C-terminal segments (His-91-Val-94 and Thr-116-Cys-118). The GIPR ECD displays only a moderate amount of secondary structure elements for a domain of this size, and is stabilized by a set of three disulfide bonds: the first (Cys-46-Cys-70) links the N-terminal ␣-helix to the first ␤-sheet, the second (Cys-61-Cys-103) connects the two ␤-sheets, whereas the third disulfide bond (Cys-84-Cys-118) holds the C terminus of the domain in close proximity to the central ␤-sheets. The topology imposed by the disulfide-linked ␤-sheets resembles the short consensus repeat, a small module commonly found in proteins of the complement system (24, 27) . Because short consensus repeat domains, however, lack the N-terminal ␣-helix and hence the first disulfide bond, we suggest the structure of the GIPR ECD represents a prototype of a related yet distinct fold that we term the ''glucagon hormone family recognition fold''.
In addition to the disulfide bond pattern, the structure is defined by a set of key intramolecular interactions involving residues that are conserved within this receptor class (Fig. 2a) , e.g., residues Trp-71 and Trp-109, the aromatic indol ring systems of which sandwich the basic residue Arg-101 (Fig. 3a) . This central cluster (cluster 1) is further framed by a hydrophobic residue (Val-99) supporting Trp-71 on one side and the disulfide bond Cys-61-Cys-103 adjacent to Trp-109 on the opposite side. The absolutely conserved residue Asp-66 plays a central role in stabilizing the structure, making hydrogen bonds to the backbone amides of Met-67, Tyr-68, and Val-69 (stabilizing the ␤-turn at the base of the ligand-binding site; Fig. 3b ), to the indole nitrogen of Trp-71, and to the guanidinium moiety of Arg-113. Although it has been suggested that the equivalent Asp-65 in CRFR-2␤ ECD forms a salt bridge to Arg-101 (25), we found no evidence for such an interaction. Mutation of Asp-66 to Gly in the murine growth hormone-releasing factor receptor leads to inactivation, resulting in a severe growth defect (28) . The orientation of the N-terminal helix toward the core region of the GIPR ECD is held by a second cluster of hydrophobic interactions involving less conserved residues at positions 39 (Trp), 42 (Tyr), and 65 (Phe) and the adjacent first disulfide bond (Cys-46-Cys-70). The GIPR ECD possesses a further hydrophobic cluster near the third disulfide bridge (Cys-84-Cys-118) formed by the absolutely conserved Pro-85 and hydrophobic residues Tyr-68, Tyr-87, Leu-88, and Trp-90. Mutation of the proline residue corresponding to Pro-85 to Leu in the human parathyroid hormone receptor 1 results in an embryonic lethal disorder (29) . These residues are located in loop regions between the ␤ strands 1a-1b and 2a-2b and contribute in part to the ligand-binding surface of the domain (Fig. 4 ).
Structural Basis of Ligand Binding to the ECD.
Electron density is observed for GIP ligand residues Tyr-1Ј to Lys-32Ј; residues 33Ј to 42Ј are disordered. The peptide hormone adopts a slightly curved ␣-helix between residues Phe-6Ј and Ala-28Ј. The N terminus of the ligand is bound by a molecule of methyl-␤-cyclodextrin, a cyclic carbohydrate added to the receptor-ligand complex that proved essential for crystallization. In the crystallized complex, the aromatic ligand residue Tyr-1Ј and hydrophobic Ile-7Ј are buried in a host-guest-like manner inside the ring of the cyclodextrin, resulting in a well defined loop structure for residues Tyr-1Ј to Thr-5Ј [supporting information (SI) Fig. 5a] .
The crystal structure clearly shows that the N-terminal portion of the ligand (Tyr-1Ј-Met-14Ј) makes no contacts to the extracellular receptor domain. The binding interface of GIP spans an almost exclusively ␣-helical ligand C-terminal region comprising residues Asp-15Ј to Lys-30Ј. This helix is, in part, amphipathic (Gln-20Ј-Ala-28Ј), exposing hydrophobic ligand residues (Phe-22Ј, Val-23Ј, Leu-26Ј, Leu-27Ј) toward the ECD, suggesting that binding is dominated by hydrophobic interactions. These residues occupy a complementary binding groove, consisting of residues of the conserved third hydrophobic cluster of the GIPR ECD (Tyr-68, Tyr-87, and Leu-88), the adjacent amino acids Pro-89 and Trp-90 (present also in GLP1R, GLP2R, and GlucR), two nonconserved residues (His-115 and Met-67) in the same region, and three additional residues of the N-terminal ␣-helix (Leu-35, Tyr-36, and Trp-39, partially conserved within the receptor class; Figs. 4 and 2a) .
The structure of the GIPR ECD-GIP 1-42 complex also reveals a distinct pattern of intermolecular hydrogen bonds, mediated, in part, by water molecules that augment ligand binding. Two regions of the ligand are involved: (i) the central part of the ligand ␣-helix (Asp-15Ј, Gln-19Ј, and Gln-20Ј) and (ii) the C-terminal residues (Leu-26Ј, Leu-27Ј, and Lys-30Ј). Lys-30Ј, in particular, is involved in an extensive hydrogenbonding network with several residues in the C-terminal part of the GIPR ECD (Arg-101, Gly-110, and Trp-112) and also with the conserved residue Asp-66. The carbonyl groups of Leu-26Ј and Leu-27Ј act as hydrogen bond acceptors from Arg-114 and Asp-66, either directly or mediated by water molecules at the binding interface. A second cluster of hydrogen bonds between GIP 1-42 and the GIPR ECD involves three central ligand residues and several N-and C-terminal residues of the ECD. Whereas Asp-15Ј and Gln-19Ј form hydrogen bonds to Ala-32, Gln-30, and Arg-38, located in the N-terminal helix of the receptor domain, the side chain of Gln-20Ј participates in two hydrogen bonds to Asn-120 at the C terminus of the GIPR ECD (SI Fig. 5b) . The numbering is according to GIPR residues, and the names of the glucagon receptor family members are in bold. The conserved cysteines are marked in yellow, other absolutely conserved residues are in red, and less conserved amino acids are highlighted in gray (hydrophobic) and green (basic), respectively. The dots in the sequence represent additional residues that are not shown. Amino acids of the predicted N-terminal ␣-helix are underlined; residues missing from the construct of CRFR-2␤ used for structure determination (26) are in gray. Amino acids involved in stabilizing the GIPR ECD core structure are marked by asterisks in the line ''fold.'' (b) Sequence alignment of human peptide hormones (exendin-4 from Heloderma suspectum), with numbering according to GIP; the names of glucagon receptor family ligands are in bold. The absolutely conserved Phe-6Ј is marked in red, and the positions of hydrophobic amino acids corresponding to the GIP residues interacting with the ECD are highlighted in gray. Potential N-terminal helix-capping residues are marked in green, and PACAP residues forming an ␣-helix when bound to its receptor are underlined (47) . The sequence of astressin used in the NMR structure determination (26) is aligned according to superposition of the ECDs of GIPR and CRFR-2␤; f denotes DPhe12, m indicates norleucine residues 21 and 38, and underlined residues Glu-30 and Lys-33 are chemically linked through a lactam bridge. Residues not observed in the NMR structure are in gray, and those involved in ECD binding are highlighted. The GIPR ECD and GIP residues comprising the binding interface are marked with asterisks in the line ''binding''; red asterisks are assigned to residues involved in hydrophobic interactions. The secondary structure found in the structure of the complex is depicted in the line ''ss.'' Fig. 3 . The glucagon hormone family recognition fold. (a) Stereoview of the GIPR ECD with the three clusters of residues characteristic for the domain structure, consisting of the following: W71, W109, R101, and V99 (cluster 1, magenta); residues W39, Y42, and F65 (cluster 2, dark blue); and residues P85, Y68, Y87, L88, and W90 (cluster 3, cyan). The absolutely conserved D66 is shown in green, and disulfide bridges are in yellow. (b) Stick representation of the GIPR ECD loop region around D66 (green), with a 2F o Ϫ Fc map at 1.5 contour (blue mesh), and of GIP residues L26Ј and L27Ј (orange), with corresponding 2Fo Ϫ Fc map (gray mesh). The side chain of D66 is involved in hydrogen bonds (dashed lines) to W71 (magenta) and residues M67, Y67, and V69 (shown in cyan) and thereby fixes the loop that is involved in ligand binding.
Analysis of Ligand Binding.
Complex formation of the GIPR ECD with different ligands was assessed by isothermal titration calorimetry and far-/near-UV circular dichroism (CD) spectroscopy (SI Text, SI Figs. 6-8, and SI Tables 2-6). The binding studies confirm the structural analysis, revealing the dominance of hydrophobic interactions in complex formation. Thermodynamic parameters and CD analysis of GIP binding to the GIPR ECD suggest structural rearrangements within the binding partners upon complex formation. This is seen in (i) the burial of additional solvent accessible surface with respect to the actual binding interface formed by the GIPR ECD and GIP , (ii) an increase in ␣-helicity observed by far-UV CD upon ligand binding, and (iii) the binding parameters determined by isothermal titration calorimetry of successively truncated GIP variants lacking N-terminal amino acids, suggesting that these residues, even though they are not in contact with the ECD in the crystal structure, are indirectly involved in binding to the GIPR ECD, presumably through participation in a structural reorganization that provides additional binding enthalpy, as would be the case for ␣-helical structure formation. An Ϸ10-fold weaker binding to the GIPR ECD was observed for the incretin GLP-1 , indicating that the interaction of GIP and GLP-1 with the ECDs of their closely related receptors involves certain common principles, although the significantly lower values for enthalpy and entropy of GLP-1 binding to the GIPR ECD compared with GIP 1-42 reflect differences in their binding mode.
Discussion
The GIPR ECD exhibits the same overall fold as that of the CRFR-2␤ ECD (24) . The similar arrangement of disulfide bonds of other class 2 GPCR ECDs (30-32) and conservation of key residues such as Trp-71, Trp-109, Arg-101, and Asp-66 (Fig. 1) indicate that this structure may be considered a prototype for other endogenous peptide hormone receptors. The most striking difference to the ligand-free CRFR-2␤ ECD NMR structure is found at the N terminus of the ECDs (SI Fig. 9a ). The GIPR ECD exhibits a distinct N-terminal ␣-helix; this region is undetermined in the NMR structures of the CRFR-2␤ ECD (26) , presumably because the construct used was truncated by 14 residues. Secondary structure predictions suggest that all of the peptide hormone receptors should be ␣-helical in this region (data not shown), although a shorter helix is predicted for the CRFR-1 ECD (Fig. 2a) .
Functional studies using receptor chimera of the GIPR and GLP-1 receptor (17) indicate that the N-terminal domain, in conjunction with other parts of the receptor such as the first extracellular loop, confers affinity to the hormone. Similar approaches demonstrate this to be valid for other members of this receptor family and suggest further that the C-terminal part of the hormone ligand is recognized by the ECD (33) (34) (35) . In agreement with these results, the crystal structure reveals that the ECD binds the 16 ligand residues Asp-15-Lys-30 in an ␣-helical conformation, corresponding to the C-terminal residues in most of the related peptide hormones, such as GLP-1, glucagon, and secretin (Fig. 2b) . Residues 33-42 of GIP, not seen in our structure, have been linked to the somatotropic properties of GIP and do not contribute to the insulinotropic action of the incretin (36) . Binding of GIP to the GIPR ECD is accomplished by hydrophobic interactions between a distinct set of residues in the ligand and ECD that are either conserved or of similar nature in the ligands and ECDs of the glucagon receptor family (Fig. 2a) . Although a similar situation is seen in the astressin-CRFR-2␤ ECD complex (26) , where the C-terminal 14 aa of the antagonist (corresponding to CRF residues 27Ј-41Ј) bind to the ECD in an ␣-helical conformation with the burial of hydrophobic surfaces, superposition of the ECDs reveals a relative displacement of the two ligands by 5Å perpendicular to the helix axis (SI Fig. 9b) . Furthermore, the hydrophobic amino acids of astressin involved in binding show no correspondence to those in GIP (Fig. 2b) . This suggests that primary ligand recognition may differ significantly between various families of the class 2 GPCRs (15).
The predominant structure of the bound ligand is a single ␣-helix, spanning also N-terminal residues (Phe-6Ј-Met-14Ј) that are not in contact with the ECD and thus free to interact with other regions of the GIPR. Several studies have shown that N-terminal GIP residues confer significant affinity toward the full-length receptor and are essential for activation of the GIPR (37) (38) (39) (40) . It has also been reported that the biological activity can be influenced by modifying the degree of ␣-helicity of the ligand (41) . In the present study, thermodynamic and spectroscopic analysis of the GIPR ECD-GIP 1-42 complex formation provide evidence for structural reorganization during binding (SI Text). These data, in part, can be explained by assuming that the ligand adopts the observed helical conformation upon binding to the ECD. Structural investigations on isolated ligands of class 2 hormone receptors, including GIP, GLP-1, parathyroid hormone, glucagon, and calcitonin, reveal in each case an ␣-helical propensity that depends on the ambient solvent conditions (21, (42) (43) (44) (45) . In addition, almost all of these ligands possess a potential helix-capping residue (46) at position 5Ј or 7Ј (Thr-5Ј in GIP ; Fig. 2b ), which could aid initiation of helix formation of the receptor-bound peptide hormone. In support of this conjecture, the NMR structure of pituitary adenylate cyclase-activating polypeptide PACAP 1-21 elucidated in complex with its cognate receptor shows an ␣-helical conformation of residues 8-21 of the bound hormone (47) . In the CRFR-2␤ ECD-astressin structure (26) , helix formation of the ligand is also observed upon binding the receptor, together with a structuring of residues 87-97 that are disordered in the free ECD.
Members of the glucagon receptor family are thought to follow a common two-domain mechanism of activation, in which ligand binding by the ECD initiates a series of events that result in subsequent signal transduction at the receptor (19) . Our results provide a view of the ligand-binding step: (i) the peptide hormone is captured by hydrophobic residues in the C-terminal part of the ligand; (ii) binding induces adoption of an ␣-helical conformation of the ligand, restricting the conformation of the N-terminal residues; and (iii) the ECD presents the N terminus to receptor domains responsible for subsequent activation and signal transmission.
The proposed concomitant folding and binding of the peptide hormone upon interaction with the receptor provides additional possibilities for achieving ligand selectivity. Affinity for the receptor would be governed by a combination of the inherent (beige) bound to the GIPR ECD (white) with key ligand residues (stick representation, orange) that occupy the hydrophobic binding groove of the GIPR ECD formed by residues from cluster 2 (dark blue), cluster 3 (cyan), the D66-loop region (magenta), or other residues at the ECD surface (green).
ability for the peptide to form an ␣-helix, together with presentation of the correct residues to the ECD-binding site. Such a complex interaction mechanism might explain the differences in thermodynamic parameters observed for GIP and GLP-1 binding to the GIPR ECD (SI Text), despite their high degree of sequence similarity (40, 48) .
Clearly, many questions remain open concerning the precise mechanisms of GPCR activation. The data presented in this paper provide a detailed atomic understanding of part of this vital process. Complementary structural and dynamic information of the hormone ligand-receptor domain complexes, and ultimately of the full-length receptor, will pave the way for the development of tailor-made drugs conferring high potency and specificity in diabetes therapy.
Methods
Protein expression, refolding, purification, peptide synthesis, and binding studies are described in the SI Text.
Crystallization and Structure Determination of the GIPR ECD-GIP
Complex. Solutions of GIPR ECD and GIP in buffer [10 mM Tris (pH 7.4)/150 mM NaCl/1 mM EDTA] were mixed at a 1:1 molar ratio and subsequently concentrated to achieve a concentration of 20 mg/ml. After addition of 9% (wt/vol) methyl-␤-cyclodextrin, crystals grew by hanging drop vapor diffusion at 15°C in the presence of 100 mM Hepes (pH 7.2)/1 M potassiumsodium tartrate over the course of 4 weeks. Before measurement, crystals were rapidly transferred to a cryobuffer consisting of mother liquor with an additional 30% (vol/vol) glycerol.
A highly redundant data set was collected in house from a single crystal at Ϫ180°C diffracting up to 1.9 Å with Cu K␣ radiation ( ϭ 1.5418 Å) by using a rotating-anode source (RA Micro 007; Rigaku/MSC, Tokyo, Japan) and an image plate detector (R-AXIS IVϩϩ; Rigaku/MSC) (see Table 1 ). Oscillation photographs were integrated, merged, and scaled by using DENZO and SCALEPACK (49) . Phase determination was accomplished by using sulfur single-wavelength anomalous diffraction. Six of the nine putative sulfur atom positions (corresponding to three disulfide bonds and three methionine residues in the asymmetric unit) were determined with the program SHELXD (50) by using diffraction data up to 3.5 Å, providing a starting point for density modification (solvent content, 60.2%) and phase extension to 1.9 Å by using SHELXE. The resulting electron density was used for automatic main-chain tracing and side-chain docking carried out with the ARP/wARP software (51) and resulted in a model comprising two chains (88 residues of the GIPR ECD and 29 residues of GIP ligand), with the three disulfide bridges assigned (C46/C70, C61/C103, and C84/C118). Subsequent manual building of missing fragments and maximumlikelihood refinement cycles were performed by using programs COOT and REFMAC5 from the CCP4 suite (52) .
The final model, consisting of residues 29-122 of the GIPR ECD receptor fragment, residues 1-32 of the ligand GIP , one molecule of methyl-␤-cyclodextrin, one half tartrate molecule, and 133 solvent molecules in the asymmetric unit, was refined at 1.9 Å resolution to an R factor of 16.6% and R free of 18.3% (Table   1 ). For some residues (GIP Ser-11Ј and the GIPR ECD Arg-43), the electron density indicated multiple side-chain conformations in the crystal. The stereochemistry of the final model was assessed by using PROCHECK (52) . Ramachandran statistics showed 94.4% of side chains in favored regions, 4.7% in allowed regions, 0.9% generously allowed, and none in disallowed regions. Figures were prepared by using PyMOL (DeLano Scientific LLC, Palo Alto, CA). The data set was collected from a single crystal. The data collection statistics treat Friedel mates independently. The values in parentheses are for the highest-resolution shell (1.97-1.90 Å).
